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INTRODUCTION
Over t h e p a s t few y e a r s modeling f i r e growth and smoke t r a n s p o r t has become a n important a s p e c t of f i r e r e s e a r c h .
As computers have become cheaper and f a s t e r , t h e a b i l i t y t o handle t h e e q u a t i o n s a s s o c i a t e d w i t h such phenomena
has improved t o t h e p o i n t where numerical experiments can r e p l a c e some p h y s i c a l experiments. This i s u s e f u l i n avoiding t h e expense and e f f o r t of a c t u a l f i r e tests. To t h i s end t h e r e are two a s p e c t s of modeling which are important. The f i r s t i s t h a t t h e p h y s i c a l a l g o r i t h m must be c o r r e c t and t h e second is t h a t t h e numerical r o u t i n e s which are u t i l i z e d must be f a s t and a b l e t o handle t h e wide range of v a l u e s which occur i n n a t u r a l phenomena.
t i m e scales range from microseconds f o r chemical k i n e t i c s t o t e n s of seconds f o r h e a t conduction.
T y p i c a l -1-The p r e d i c t i v e e q u a t i o n s which are s o l v e d arise from t h e c o n s e r v a t i o n of mass, momentum and energy. volume, they are f i r s t o r d e r , n o n l i n e a r , o r d i n a r y d i f f e r e n t i a l e q u a t i o n s , of t h e form When i n t e g r a t e d over a f i n i t e s i z e d c o n t r o l
where x r e p r e s e n t s a v e c t o r of unknown dependent v a r i a b l e s . Much of t h e modeling has assumed a s i m p l i f i c a t i o n which is t o s o l v e t h e pseudo s t e a d ys t a t e as t h e t r a n s i e n t term v a n i s h e s f(x) + 0.
I n e i t h e r case a s o l u t i o n is found by varying x i n t h e phase s p a c e about some i n i t i a l v a l u e x and looking for a minimum i n t h e value of t h e f u n c t i o n f(x) 0 dx d t o r a c t u a l l y {--f(x)). The t h e s i s of t h i s paper is t h e d i f f e r e n c e i n t h e p h y s i c a l meaning of t h e s e two types of e q u a t i o n s and t o demonstrate t h a t s o l v i n g t h e o r i g i n a l ODE'S is s u p e r i o r t o s o l v i n g t h e i r a l g e b r a i c c o u n t e r p a r t .
The u n d e r l y i n g p o i n t is t o demonstrate t h e r a t i o n a l e t h a t t h e a p p a r e n t l y more complex form of t h e e q u a t i o n s is a c t u a l l y easier t o s o l v e , and i n a d d i t i o n t o show t h a t t h e a l g e b r a i c form may not always y i e l d t h e c o r r e c t s o l u t i o n .
PROBLEM TO BE SOLVED
The d i f f i c u l t y which arises in t h e s o l u t i o n of eqn.
( 1 ) i s t h e bumpiness in t h e multidimensional phase space allowed by t h e s e e q u a t i o n s (one f o r each zone o r c o n t r o l volume). The term "phase space" i s used i n t h i s context t o mean t h e manifold of p r e s s u r e , temperature, etc., i n which t h e s o l u t i o n of t h e r e l e v a n t s e t of e q u a t i o n s l i e , and t h e p o s s i b l e p h y s i c a l v a r i a t i o n s which can occur. Even f o r a s i n g l e e q u a t i o n , e.g. t h e p r e s s u r e e q u a t i o n , t h e topology is n o t simple. There i s an assumed s i m p l i f i c a t i o n of c o n s i d e r i n g only r e l a x e d states -= 0 which can a c t u a l l y make a c h i e v i n g t h e f i n a l s t a t e more d i f f ic u l t . No d i r e c t i o n i s provided i n f i n d i n g a minimum and i t g i v e s no s e n s e of whether a s p e c i f i c bump i n t h e manifold is a n a b s o l u t e minimum. By r e t a i n i n g t h e t r a n s i e n t term some r e l i e f is o b t a i n e d f o r t h i s s i t u a t i o n . The most important improvement i n f i n d i n g a s o l u t i o n is t h a t s e a r c h d i r e c t i o n i n phase space is g i v e n by t h e t r a n s i e n t term. t h a t t h e d e r i v a t i v e terms do not v a n i s h a t a pseudo minimum but only a t a b s o l u t e minimum. F u r t h e r , t h e p o i n t f o r which t h e t r a n s i e n t term v a n i s h e s may n o t be t h e c o r r e c t s o l u t i o n . The c o r r e c t s o l u t i o n a c t u a l l y minimizes t h e d i f f e r e n c e between t h e l e f t and r i g h t s i d e of eqn. (1).
S e v e r a l examples should s e r v e t o i l l u s t r a t e t h e problem, a p o s s i b l e s o l u t i o n and t h e means by which t h i s t r a n s l a t e s i n t o a technique f o r a g e n e r a l s o l u t i o n of t h e equations.
The a c t u a l e q u a t i o n s which w e s o l v e are somewhat more complex than depends mainly on f l u i d t r a n s p o r t , t h a t is e n t h a l p y f l u x d r i v e n by d e n s i t y and p r e s s u r e g r a d i e n t s . It a l s o varies t h e most r a p i d l y . A c t u a l l y , t h e micros c o p i c chemical k i n e t i c s have a s h o r t e r time c o n s t a n t but t h e s p a t i a l l y averaged zone p r o p e r t i e s (T, p) do n o t vary on such a t i m e scale and t h u s i t is r e a s o n a b l e t o i g n o r e t h e s e very s h o r t times.
eqn. (1); however, i t is u s e f u l t o u s e a s i m p l i f i e d example t o t e s t t h e techniques. Then one can test t h e h e u r i s t i c w i t h o u t g e t t i n g bogged down i n t e c h n i c a l d e t a i
s o l u t i o n technique i t s e l f , we have developed a b e t t e r method of f i n d i n g t h e dominant p o r t i o n of t h e s o u r c e term, rb, t h e e n t h a l p y f l u x from mass flow.
t o i t s importance, we will d i s c u s s i t i n t h e next s e c t i o n b e f o r e g i v i n g examples of t h e s o l u t i o n of t h i s type of problem.
The primary s o u r c e term i s t h e 6 which
I n a d d i t i o n t o improving t h e Due
The c o n s e r v a t i o n e q u a t i o n s which we s o l v e are f o r energy and mass.
-Momentum is not d e f i n e d w i t h i n a c o n t r o l volume but only a t t h e boundaries
where zones are connected. So we do n o t s o l v e t h e momentum e q u a t i o n d i r e c t l y b u t r a t h e r u s e t h e i n t e g r a l form known as B e r n o u l l i ' s e q u a t i o n which y i e l d s mass f l u x as a f u n c t i o n of t h e p r e s s u r e and d e n s i t y d i f f e r e n c e s .
. SOURCE TERM
Equation ( 2 ) i s t h e one on which we s h a l l f o c u s as i t is t h i s one t h a t i s most o f t e n " s i m p l i f i e d " i n t h e asymptotic sense. I n o r d e r t o e x p l a i n some of t h e d i f f i c u l t y encountered i n s o l v i n g t h i s e q u a t i o n , we d i g r e s s f o r a moment t o discuss t h e primary s o u r c e t e r m , namely f l u i d t r a n s p o r t through v e n t s .
This f l u i d flow phenomenon connects t h e c o n t r o l volumes and i s dominant because t h i s term f l u c t u a t e s most r a p i d l y of a l l t h e s o u r c e terms i n response t o changes i n t h e environment. One of t h e improvements which w e have incorpor a t e d i n t o our c u r r e n t models i s a means of c a l c u l a t i n g t h e s e flow f i e l d s w i t h t h e c o r r e c t number of n e u t r a l p l a n e s (up t o t h r e e ) and w i t h o u t d i s c o n t i n u t i e s i n t h e f u n c t i o n . T h i s l a t t e r f e a t u r e i m p l i e s no d i s c o n t i n u i t i e s i n t h e f i r s t o r d e r d e r i v a t i v e s f o r t h e ODE'S.
T y p i c a l t y p e s of flows which can occur i n f i r e s are i l l u s t r a t e d i n f i g . 1. The n o t a t i o n f o r t h e flow i s SS = upper l a y e r t o upper l a y e r SA = upper l a y e r t o lower l a y e r AS = lower l a y e r t o upper l a y e r AA = lower l a y e r t o lower l a y e r T h i s n o t a t i o n was o r i g i n a t e d e a r l i e r [ 2 ] f o r t h e s i n g l e n e u t r a l plane case but is u s e f u l f o r a p h y s i c a l d e s c r i p t i o n of t h e g e n e r a l problem. One g e n e r a l l y u s e s t h e B e r n o u l l i e q u a t i o n t o c a l c u l a t e t h e flow v e l o c i t i e s between two compartments which are connected by an opening. Indeed t h i s i s t h e s o l u t i o n f o r t h e momentum e q u a t i o n which allows us t o exclude i t s p e c i f i c a l l y when s o l v i n g t h e c o n s e r v a t i o n e q u a t i o n s i n g e n e r a l .
The g e n e r a l form is The i m p l i c a t i o n of u s i n g t h i s e q u a t i o n is t h a t t h e p r e s s u r e a t a s t a g n a t i o n p o i n t i s used. measured. As t h e p r e s s u r e always appears as a d i f f e r e n c e , i n p r i n c i p l e i t does n o t matter whether a b s o l u t e p r e s s u r e s or p r e s s u r e d e f e c t s are used. accuracy i s obtained by u s i n g p r e s s u r e d e f e c t , however. e x t e n t , t h e problems of t h e small d i f f e r e n c e of l a r g e numbers.
That is, t h e flow v e l o c i t y v a n i s h e s where t h e p r e s s u r e i s
More T h i s avoids, t o some
The p r e s s u r e is always c a l c u l a t e d w i t h r e s p e c t t o t h e base of a compartment. With t h i s i n mind we can e x p r e s s t h e p r e s s u r e on t h e o t h e r s i d e of a p a r t i t i o n as a f u n c t i o n of t h e v a r i a b l e ( y ) , t h e h e i g h t above t h e base: i m p l i c i t i n our u s e of e q u a t i o n ( 6 ) i s t h a t t h e opening is r e c t a n g u l a r , s o t h a t t h e area i n t e g r a l of t h e flow term w i l l a l l o w u s t o remove t h e width from t h e i n t e g r a l .
That i s z2 pV dzdb + w i d t h pVdz. z1 flow = !width I h e i g h t
(7)
Thus t h e t o t a l flow becomes
The p r e s s u r e term w i l l be r e v e r s e d i f t h e flow is o + i. Thus we have t h e i n t e g r a l over t h e area shown i n f i g . 2. Terms are as b e f o r e except t h a t i s t h e average i n l e t mass d e n s i t y w i t h i n area "k". The s i m p l e s t way t o ' i , k d e f i n e t h e l i m i t s of i n t e g r a t i o n is w i t h n e u t r a l p l a n e s , t h a t i s t h e h e i g h t a t which flow r e v e r s a l o c c u r s , Pi ( z ) = Po (2).
Each s i d e of an opening is assumed t o c o n s i s t of t w o homogeneous gas l a y e r s (zones) of uniform d e n s i t y and temperature. There i s an a p p a r e n t i n c o n s i s t e n c y i n t h a t t h e e q u a t i o n of s t a t e d i c t a t e s P = pRT, and we assume P v a r i e s but p and T remain c o n s t a n t , a t least w i t h i n a zone. This p r e s s u r e f l u c t u a t i o n i s so small compared t o t h e magnitude of t h e base p r e s s u r e t h a t i g n o r i n g i t f o r a l l c a l c u l a t i o n s except t h e flow f i e l d is reasonable. For s i m p l i c i t y of n o t a t i o n we w i l l u s e a s l i g h t l y d i f f e r e n t means of i d e n t i f y i n g t h e zones. The correspondence is
upper "i" zone = 1 lower "i" zone = 2 upper '*ole zone = 3 lower "o" zone = 4
The former term u s i n g "SA" is p h y s i c a l l y more understandable and t h e r e s u l t s can be p u t i n t o t h e s e terms, but t h e d e r i v a t i o n s are more compact w i t h t h e numerical i n d i c i e s . F i g u r e 3 shows a schematic of t h e n o t a t i o n . The c o r r e sponding d e n s i t i e s are p , p2 , p3 'and p4. Bf , H f , Zi and 2 , are t h e h e i g h t of a sill, s o f f i t , h o t / c o l d i n t e r f a c e i n t h e '*il' compartment and h o t / c o l d i n t e rf a c e i n t h e "o" compartment.
P o ( 0 ) , t h e i n t e r n a l p r e s s u r e on each s i d e is given by
With t h e b a s e ( r e f e r e n c e ) p r e s s u r e s P ( 0 ) and i p0 ( 2 ) = ~~( 0 )
The f u n c t i o n F (z) = Pi(z) -P ( z ) can be considered a family of f u n c t i o n s of e one v a r i a b l e , Z .
I n a l l cases t h e p r e s s u r e appears only i n t h i s form. I n p r i n c i p l e , t h i s family of curves can l e a d t o an i n o r d i n a t e number of p o s s i b l e flow f i e l d s . we end up with only a few p o s s i b l i t i e s . f o l l o w i n g r e s t r i c t i o n s can be imposed: By imposing t h e r e s t r i c t i o n s found i n f i r e s c e n a r i o s , however, For s t r a t i f i c a t i o n t o occur, t h e
W e can a l s o r e q u i r e w i t h o u t l o s s of g e n e r a l i t y , s i n c e f o r t h e r e v e r s e , i t i s only necessary t o r e v e r s e t h e "i" and "0" compartments. W e are l e f t w i t h f i v e d i f f e r e n t cases.
These cases and t h e i r r e s t r i c t i o n s are shown i n T a b l e I.
TABLE I
Class R e s t r i c t i o n s
Max # of n e u t r a l p l a n e s F i g u r e 4
< z v P2 < P y 'i C l a s s i f i c a t i o n of types of flow which occur i n a vent based on t h e r e l a t i v e d e n s i t i e s and i n t e r f a c e h e i g h t s . I f t h e r e e x i s t s o f f i t s o r s i l l s , t h e n t h e number of n e u t r a l p l a n e s w i t h i n a v e n t can be less than t h e number i n d i c a t e d .
I f t h e r e were no s o f f i t s o r s i l l s t o c o n s i d e r , t h e n t h e c a l c u l a t i o n would be f a i r l y s t r a i g h t f o r w a r d . However, t h e p o s s i b i l i t y of s o f f i t / s i l l combinations
r e q u i r e s many numerical tests i n t h e c a l c u l a t i o n . Class I i s t h e b a s i s of t h e a n a l y s i s of classes 11-V. It can have 44 d i f f e r e n t f l o w combinations, dependi n g on t h e r e l a t i v e p o s i t i o n of H f , B f , Zi and Zo.
I t may c o n t a i n a t most a s i n g l e n e u t r a l plane (flow r e v e r s a l ) . Twenty f o u r of t h e s e combinations are w i t h o u t a n e u t r a l p l a n e and twenty w i t h a n e u t r a l plane. F i g u r e 5 shows t h e e f f e c t of t h e "0" compartment i n t e r f a c e h e i g h t on t h e flow f i e l d from one of t h e diagrams shown in F i g u r e 4 .
T a b l e I1 shows t h e c r i t e r i a used f o r s o l u t i o n i n classes 11-Vm The i n t e r v a l [Bf, H ] can subsequently be p a r t i t i o n e d t o c o n t a i n a t most a s i n g l e n e u t r a l plane s o t h a t t h e l o g i c used f o r class I can be u t i l i z e d .
caveat i s t o be s u r e t h a t t h e e q u a l i t i e s and i n e q u a l i t i e s are t r e a t e d c o r r e c t l y .
f
The only 40 A SAMPLE PROBLEM
W e l i m i t our d i s c u s s i o n t o eqn. ( 2 ) w i t h t h e a p p r o p r i a t e s o u r c e terms.
It is most o f t e n t h i s e q u a t i o n t o which t h e asymptotic approximation i s a p p l i e d , namely
T h i s approximation is a p p r o p r i a t e f o r a s t e a d y s t a t e s i t u a t i o n , f o r example, where a f i r e is f u l l y developed and t h e flow f i e l d s have been e s t a b l i s h e d .
For a t r a n s i e n t problem such as a developing f i r e o r t h e case when a window is broken, such i s n o t a p p r o p r i a t e . Most models of f i r e imply t h i s approximation by u s i n g l a r g e i n i t i a l time s t e p s , perhaps of one o r two seconds.
when f a c e d w i t h a t r u e t r a n s i e n t phenomenon, a l l sub-dfvide t h e time s t e p , g e n e r a l l y t o a v a l u e below t h e p r e s s u r e r e l a x a t i o n t i m e .
However, [Bf, Hf] -1 1-should only be made if t h e r e is a real g a i n , such as reduced computing requirements o r e q u a t i o n s which are s i m p l e r t o manipulate. i l l u s t r a t e some of t h e d i f f i c u l t i e s .
Furthermore, a fundamental problem arises i n t h a t t h e s o l u t i o n f o r eqn. ( 2 ) may not be i d e n t i c a l t o t h a t of eqn. (8). The requirement is t h a t t h e d i f f e r e n c e between t h e l e f t -and right-hand s i d e s (LHS and RHS) of t h e c o n s e r v a t i o n e q u a t i o n s should be minimal. T h i s is t r u l y e q u i v a l e n t t o t h e s t a t e m e n t of eqn. (8) only i n a s t e a d y s t a t e regime. So t h i s approximation
An example should
The c o n t e x t of a problem which we w i l l examine is a f o u r compartment c a l c u l a t i o n u s i n g t h e FAST [l] model t o f i n d a s o l u t i o n . The p o i n t of i n t e r e s t is t o examine t h e s o l u t i o n of eqn. ( 2 ) i n t h e second compartment.
There are t h r e e ways t o examine t h e equation: f i r s t , a pseudo a n a l y t i c technique i s t o s t a r t w i t h t h e converged s o l u t i o n of temperature and p r e s s u r e i n a l l compartments and then form a p e r t u r b a t i o n expansion of t h e RHS of eqn. (Z), i n terms of p r e s s u r e and temperature f o r compartment #2 only. The r e s u l t i s shown i n f i g . ( 6 ) as a s u r f a c e p l o t of t h e v a l u e of t h e PHS of eqn.
( 2 ) f o r a v a r i a t i o n i n p r e s s u r e ( l e f t t o r i g h t ) and temperature ( i n t o t h e p i c t u r e ) . The t o t a l c a l c u l a t i o n lasts 60 seconds and fig. ( 6 a , 6b , 6c, and 6d) are done a t 0, 20, 4 0 , and 60 seconds, r e s p e c t i v e l y . The v a r i a t i o n i n p r e s s u r e was P o + 0.8 kPa and temperature T o + 100 K.
s o l v e d by i t s e l f , then t h e s o l u t i o n would come f a i r l y e a s i l y and eqn. (8) might be a p p r o p r i a t e ; second, we can c a p t u r e t h e r e s u l t s from t h e ODE s o l v e r which i s used i n FAST. This was done a t 50 f 1 seconds and t h e r e s u l t s are shown i n f i g . ( 7 ) .
The axes are t h e same as i n f i g . ( 6 ) . The l a t t e r f i g u r e
shows t h e somewhat more complex i n t e r a c t i o n of a l l s i x t e e n e q u a t i o n s , s i n c e we c a p t u r e t h e i n t e r m e d i a t e r e s u l t s w i t h v a r i a t i o n s i n a l l parameters.
f i g u r e i t can be seen t h a t i t may not be p o s s i b l e t o g e t from a pseudo minimum on t h e l e f t hand s i d e t o t h e c o r r e c t answer on t h e r i g h t hand s i d e u s i n g eqn. (8). Equation ( 2 ) h e l p s by providing a d i r e c t i o n and d i s t a n c e f o r subsequent s o l u t i o n s , namely t h e dP/dt term, t h e term which has been dropped i n t h e asymptotic approximation.
I f t h i s e q u a t i o n were
From t h e F i g u r e (8) shows a composite of t h e r e s u l t of a p p l y i n g t h e second t e c h n i q u e t o t h e e n t i r e t i m e h i s t o r y of t h e p r e s s u r e e q u a t i o n .
F i n a l l y we can look a t a simple p i e c e of t h i s problem a n a l y t i c a l l y . W e r > i n l~x t e n t 2 e a r l i e . u+jrk on p r e s s u r e r e l a x a t i o n . A t t e n t i o n i s d i r e c t e d t o f i g .
( 1 ) and eqn. ( 2 8 ) i:i t h e paper by Rehm and Baurn [ 3 ] . Two s i m i l a r examples c a n be g i v e n , t h e f i r s t being t h e f o r c e d flow i n t h e i n i t i a l s t a g e s of a f i r e .
For t h i s case, expansion i n t h e room of f i r e o r i g i n f o r c e s a i r i n t o an a d j a c e n t compartment. For t h i s case, eqn. ( 2 ) becomes ( P ' = P1 -P3)
r i g h t hand s i d e would be c o n s t a n t f o r a n e-folding t i m e f o r P ' . t h i s e q u a t i o n , we f i n d a c h a r a c t e r i s t i c t i m e f o r t h e p r e s s u r e e q u a t i o n i s I f t h e asymptotic approximation were c o r r e c t t h e n t h e I n t e g r a t i n g
where V i s t h e volume of t h e compartment of i n t e r e s t , A is t h e vent opening and 6T i s t h e temperature d i f f e r e n c e between t h e two compartments. For t y p i c a l i n i t i a l c o n d i t i o n s we o b t a i n a t i m e c o n s t a n t about 1 second, but i t can v a r y o v e r a wide range. T h i s i s c e r t a i n l y n o t less t h a n t h e t y p i c a l t i m e s t e p used f o r t h e a l g e b r a i c s o l v e r i n f i r e models. The o t h e r extreme would be a near s t e a d y s t a t e regime of e q u a l i n f l o w and outflow. I n t h i s case, t h e e q u a t i o n reduces t o p3/2
where R is t h e gas c o n s t a n t . For t y p i c a l v a l u e s of t h e parameters, t h i s e q u a t i o n has a time c o n s t a n t of about 0.10 seconds, once a g a i n being w i t h i n t h e range of times used i n s o l v i n g t h e o t h e r c o n s e r v a t i o n equations.
CONCLUSIONS
W e have t r i e d t o i n d i c a t e where t h e problems arise i n s o l v i n g t h e c o n s e r v a t i o n e q u a t i o n used i n p r e d i c t i n g f i r e growth and smoke spread. where t h e problems a c t u a l l y exist f o r e q u a t i o n s o l v e r s and t h e reason t h a t an ODE s o l v e r , i n g e n e r a l , has an easier j o b i n t h r e a d i n g i t s way through t h e phase space t h i c k e t than does a n a l g e b r a i c s o l v e r . [ 2 ] Tanaka, T., A Model on F i r e Spread i n Small S c a l e B u i l d i n g s , B R I (Japan)
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